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Recent developments both in measurement echniques and reconstruction algorithms have shown 
the possibility of quasi-real time microwave tomography. These technical developments always require 
more sophisticated experimental arrangements in order to reduce the microwave circuits complexity, 
decrease the measurement time, and improve the resolution. This paper deals with the use of crossed 
linear arrays convenient for tomography by transmission. Numerical simulations and initial experi- 
mental results show the relative advantages of such arrangements as compared to the more classical 
two-dimensional arrays. 
INTRODUCTION 
Like X rays and ultrasonic waves, microwaves may 
be used for biomedical imagery and tomography 
[Larsen and Jacobi, 1979, 1980]. Operating fre- 
quencies of the order of a few gigahertz result from a 
compromise between resolution and attenuation. At 
such frequencies, quasi-real time computerized to- 
mography of the human body should be achieved by 
using low-cost equipment. 
Experiments have been conducted at 3 GHz on 
isolated animal organs and have confirmed that reso- 
lutions of the order of 6 mm can be reached in high- 
water-content media [Bolorney et al., 1982; Peronnet 
et al., 1983]. The imaging technique described in the 
above-mentioned papers was a tomographic process 
using a two-dimensional apertures arrangement. It 
appears then that it would be interesting to evaluate 
the characteristics of a more simple arrangement 
consisting of a crossed linear array setup which could 
be used for the same imaging purpose. 
Linear crossed arrays such as Mills cross or quad 
array have already been used for radio detection or 
imaging purposes and acoustic holography [Bennett 
et al., 1979; Milder and Wells, 1970; Slattery, 1966]. 
One advantage of this kind of system is the re- 
duced number of required microwave elements. This 
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property allows us to insert them in more compli- 
cated configurations and to utilize them in conjunc- 
tion with other systems. As an example, a trial appli- 
cation to remote temperature control during a hyper- 
thermia process is considered and evaluated. 
The first part of this paper is devoted to a short 
description of the principles of microwave imaging 
by means of two-dimensional arrays. In a similar 
way, a description of the principles of microwave 
imaging by means of crossed linear arrays is given. 
The two methods are then compared in terms of res- 
olution, and results from a first application of linear 
arrays are shown. 
IMAGING BY MEANS OF TWO-DIMENSIONAL 
ARRAYS 
Diffraction microwave imaging can be compared 
to optical holography [Mueller et al., 1978; Porter 
and Devaney, 1982]. Amplitude/phase probing of the 
diffracted waves allows the reconstruction of slices of 
a tested object in terms of equivalent current density. 
The resulting image depends then on the kind of 
illumination. 
By using an integral representation, the relation 
between the measured diffracted field E and the 
equivalent current density or inside the object is given 
by(1). 
E(x, y, z) = [1/(4•jco•)J(grad iv + k •) 
ß III J(X, Y, Z)G(M, M') dV (1) 
v 
1342 
PERONNET ET AL.: MICROWAVE TOMOGRAPHY 1343 
ORGAN 
UNDER TEST 
X 
Fig. 1. 
COLLECTOR 
Z 
General arrangement for microwave imaging by means of 
two-dimensional arrays. 
where G(M, M') is the three-dimensional free space 
Green's function of the medium surrounding the 
object with propagation constant k. 
In the case of a plane wave illumination propagat- 
ing in the direction normal to the two-dimensional 
probing surface as described in Figure 1, relation (1) 
can be reversed if the polarization changes are ne- 
glected and becomes the scalar relation 
J*(X, Y, Z) = F- • •,  {s(•, fi; z - z)r•,•[•(x, y, z)]} (2) 
where Z- z is the distance between the sampling 
area and the plane where the current density has to 
be calculated, y and fi are the spectral coordinates 
associated with the spatial coordinates x and y, 
is the two-dimensional direct Fourier transform op- 
F -• is the two- eratot (applied to x and y), ,.½ 
dimensional inverse Fourier transform operator (ap- 
plied to y and fi), E is the measured diffracted electric 
field, J* is the reconstructed equivalent current den- 
sity, and 
S(•, fi ; Z -- z) -- k(k 2 - ot 2 - fi2)l/2/(k2 - ot 2) 
ß exp [j(k 2 -- •2 __ fi2)l/2(Z _ z)] (3) 
with j2 = _ 1. 
It has to be noticed that equivalent current density 
J depends both on total electric field inside the test 
objects and on their dielectric characteristics. Due to 
the different approximations and to the fact that the 
measurement area is bounded, the reconstructed cur- 
rent density J* may be written as the convolution 
product of an impulse response P• and the exact 
current density J: 
J*(X, Y, Z)= P•(X, Y, Z), J(X, Y, Z) (4) 
P•(X, Y, Z) corresponds to a spot which, spread in 
all directions, limits the resolution. Expressed as a 
function of the wavelength in the surrounding 
medium, typical resolutions in X and Y directions 
are 2/2 and 22 in Z direction. 
Such an imaging process has been recently used 
for biomedical imaging purposes [Peronnet et al., 
1983]. Field probing at 3 GHz was achieved through 
a modulated scattering technique by means of a two- 
dimensional array composed of a retina mode of 
N x N diodes in front of a horn (Figure 1). Diodes 
are successively fed through electronic scanning. The 
distance between two elements must be smaller or 
equal to half a wavelength in the surrounding 
medium, in this case water. At 3 GHz this wave- 
length is 1.2 cm. Array dimensions are therefore rea- 
sonable (about 20 cm x 20 cm). 
Isolated organs such as kidneys of pigs and horses 
have been investigated. As expected, spatial trans- 
verse resolutions of 6 mm have been obtained. Typi- 
cal acquisition rates of a few milliseconds per point 
have been reached. 
IMAGING BY MEANS OF CROSSED LINEAR ARRAYS 
In the system described here, the two crossed 
arrays acting as radiator and receiver are not located 
in the same plane. The first one is a linear array of 
dipoles and the second one a linear array composed 
of diodes in front of a collecting horn (Figure 2). As 
one of the dipoles is activated, field probing is 
achieved on the entire array which provides N x N 
samples. 
The relation between the measured diffracted field 
and the reconstructed equivalent current density is 
different from (2). One can interpret (2) as the focali- 
zation of the diffracted wave at the point where the 
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Fig. 2. General arrangement for microwave imaging by means of 
two crossed linear arrays. 
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image is to be calculated. The focalization operator S 
transforms the divergent plane wave measured into'a 
convergent one propagating in the reverse direction. 
The purpose of this article is to describe an oper- 
ator that is equivalent to S but for the linear array 
setup. At this state of the art it was enough for us to 
show that this new operator was convenient for foca- 
lization operations and had good characteristics in 
term of resolution as indicated later in the present 
paper. In addition, experimental results confirm the 
choices that have been made. 
With a linear distribution of current, waves are no 
longer spherical but are cylindrical. As is well known, 
an infinite uniform linear current distribution creates 
a field that may be expressed by 
E(X, Y, Z)= rll 0 H•o2•[k(X 2 + Z2)•/2-1 (5) 
where H•o 2• is the Hankel function of second kind 
with a current colinear to the y axis, •/ is the wave 
impedance in the surrounding medium, and Io is the 
amplitude of the current on the radiating linear 
array. 
It can be shown that an operator similar to S that 
is able to transform a divergent cylindrical wave into 
a convergent one is proportional to C• such that 
k 
c•[fi; (x • + z•) •/•3 - k 2 _ •2 
n•o'•E(k • - fi:)•/:(X • + Z2) •n] (6) 
To understand how crossed linear arrays may be 
used for an imaging purpose, we can first consider 
that the emitting array described by Figure 2 is foca- 
lized on point M(X, Y, Z). In a realistic setup the 
emitting array is not localized on the point to be 
reconstructed. Nevertheless, it can be noticed that 
this could be achieved by applying proper amplitude 
I P.• (x,o,z) 
b 16)• 
Fig. 3. 
z 
Impulse response in Y plane for the two-dimensional 
array setup. 
P2(x,o,z) 
Fig. 4. Impulse response in Y plane for the crossed linear array 
setup. 
and phase weighting coefficients to the emitting ele- 
ments. If the polarization changes are neglected, the 
weighting coefficients can be deduced from C•. 
If now we want to localize at the same point the 
diffracted field measured by the receiving array lo- 
cated at z, the focalization operator is then 
C2{•; [y2 + (Z -- z)2] 1/2} = [k/(k 2 -- fi2)]H?) 
{(k 2 -- •t2)l/2[Y 2n t- (Z- Z)2] 1/2} (7) 
If now all the emitting elements create the same inci- 
dent wave, the total localization operator to apply to 
the measured electric field E is 
C3(•, fi; jO 1, 102)= Cl(fi; jOl)C2(•; 102) (8) 
where px=(X 2+Z2) •/2 and P2=EY2+(Z- 
z)2] •/2 if X, Y, and Z are the coordinates of the 
localized point. 
The generalized imaging algorithm becomes 
ß [c,(fi; p,)r,E•(x, y, z)]]}} (9) 
where F• and Fx are the one-dimensional direct Fou- 
rier transform (applied to x and y coordinates)' F• • 
and F• x are the one-dimensional inverse Fourier 
transform (applied to • and fi coordinates), E(x, y, z) 
is the diffracted field measured at point x of the re- 
ceiving antenna located at z when element y of the 
emitting antenna is active, and J*(X, Y, Z) is the 
reconstructed equivalent current density at point 
M(X, r, Z). 
Equation (9) has to be compared with equation (2). 
They both are relevant to a tomographic process be- 
cause they allow one to obtain images, expressed in 
terms of distribution of equivalent current density 
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Fig. 5a. Reconstructed equivalent current density for a metal- 
lic spherical object (diameter 1.2 cm) placed at 6 )• from the emit- 
ting array (z m = 122.). 
calculated for slices in any direction into the tested 
object. 
As with the classical two-dimensional imaging pro- 
cess, the reconstructed current density can be ex- 
pressed as the convolution product of an impulse 
response P2 by the exact current density at point M: 
•*(x, ¾, z)= •,,•(x, ¾, z),•(x, ¾, z) (10) 
RESULTS 
Figures 3 and 4 show the variations of Px and P2 
for the corresponding imaging setup consisting of 
32 x 32 sampling points with a sampling interval of 
half a wavelength at 3 GHz. The curves of these 
figures are relevant to the plane y = 0 for a simulated 
point object at x = y = 0 and Z = 
Figure 5 shows initial experimental results corre- 
sponding to the same configuration for a metallic 
spherical object with diameter 2. It appears that in 
both cases, transverse resolution (in the x direction) 
is better than longitudinal resolution (in the z direc- 
tion), but the latter is slightly better with crossed 
linear arrays. Transverse resolution is half a wave- 
length in the two configurations. 
These initial results show that with a very reduced 
number of elements and a not much more compli- 
cated imaging algorithm, the linear crossed array ar- 
Fig. 5b. 
Fig. 6. 
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Insertion of two crossed linear arrays into a hyperthermia 
system. 
rangement gives the same result in terms of resolu- 
tion as with the two-dimensional arrays. Power con- 
siderations must be taken into account in the choice 
of the arrangement for an imaging system because of 
the low sensitivity of crossed linear array systems. 
Figure 6 describes a possible application relevant 
to the difficult problem of remote temperature sens- 
ing during a hyperthermia process. It has been shown 
that microwave images are sensitive to temperature 
changes because of the temperature dependence of 
tissue dielectric constants [Bolomey et al., 1983]. Res- 
olutions of the order of 1 ø have been observed. This 
particular sensitivity may be applied to noninvasive 
temperature sensing in the human body and used to 
control heating effects during a hyperthermia pro- 
cess. 
Among the various existing radiofrequency hyper- 
thermia systems is the one consisting of two capaci- 
tive electrodes that are applied to the patient (Figure 
6). Typical heating frequencies are 13 and 27 MHz. 
The suggested idea is to insert microwave slot an- 
(x,o,z) 
J{x,o,z) z 
•x 
Same as Figure 5a but for four identical views around Fig. 7. Impulse response in Y plane corresponding to the imag- 
the object. ing system described by Figure 5. 
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tennas in one of the capacitive electrodes that will act 
as the emitting linear array and to insert slots loaded 
by diodes in the other one that will act as the receiv- 
ing linear array. By using the imaging process de- 
scribed by (9), it is then possible to evaluate the im- 
pulse response of such a system. The result is given in 
Figure 7 for the same configuration as for Figures 3 
and 4 in the case of 10 cm x 10 cm electrodes. 
CONCLUSION 
It has been shown that crossed linear arrays must 
be used for imaging purposes in biological media. 
The resolutions of such systems have been compared 
with the classical two-dimensional imaging system; 
they are quite similar in both cases. But the sim- 
plicity of the required circuit makes this kind of 
imaging easier than with a two-dimensional arrange- 
ment. Its application to the remote temperature sens- 
ing during a hyperthermia process has then been 
considered. For typical capacitive electrodes, one 
should expect a spatial resolution of approximately 1 
cm and a temperature resolution of about 1ø. 
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